We report on room-temperature Raman scattering measurements in few-layer crystals of exfoliated molybdenum ditelluride (MoTe2) performed with the use of 632.8 nm (1.96 eV) laser light excitation. In agreement with a recent study reported by G. Froehlicher et al 1 we observe a complex structure of the out-of-plane vibrational modes (A1g/A 1 ), which can be explained in terms of interlayer interactions between single atomic planes of MoTe2. In the case of low-energy shear and breathing modes of rigid interlayer vibrations, it is shown that their energy evolution with the number of layers can be well reproduced within a linear chain model with only the nearest neighbor interaction taken into account. Based on this model the corresponding in-plane and out-of-plane force constants are determined. We also show that the Raman scattering in MoTe2 measured using 514.5 nm (2.41 eV) laser light excitation results in much simpler spectra. We argue that the rich structure of the out-of-plane vibrational modes observed in Raman scattering spectra excited with the use of 632.8 nm laser light results from its resonance with the electronic transition at the M point of the MoTe2 first Brillouin zone.
I. INTRODUCTION
Thin layers of transition metal dichalcogenides (TMDs) MX 2 , where M = transition metal, X = S, Se, Te, are gaining much interest due to their unique physical and optical properties.
2 Their crystal structure is characterized by strong ion-covalent bonds within planes of hexagonally arranged X and M atoms and by weak out-of-plane van der Waals interactions between the planes. The properties of the semiconducting TMDs strongly depend on the number of layers which form the structure. In particular the transition from the indirect bandgap in bulk TMDs to the direct bandgap in their two-dimensional form 3 makes them promising candidates for several optoelectronic applications. 4 Important for those applications is also a wide range of the energy bandgaps, which vary with the choice of a chalcogen atom in the semiconducting TMD compound. Monolayer (1L) molybdenum ditelluride (MoTe 2 ) with a direct bandgap of approx. 1.1 eV 5, 6 conveniently complements monolayers of other dichalcogenides of higher energy bandgaps such as MoS 2 7 , MoSe 2 8 or WS 2 9 rewarding the efforts to cover with them an energy spectrum as broad as possible. This justifies the investigation of the basic properties of few-layer MoTe 2 and in particular studies of its lattice dynamics. As it is well known phonons are important for several physical processes like e.g. carrier scattering 10 , heat propagation 11 and mechanical strength of crystals. 12 For studying them in layered materials Raman scattering spectroscopy is a common technique of choice 13 , which results from its sensitivity to strain 14 or heating 15 . The Raman scattering spectra of few-layer TMDs have been shown to strongly depend on the sample thickness. This property makes this method a valuable complement to atomic force microscopy in determining the number of layers constituting thin flakes of TMD crystals under study. [16] [17] [18] Important information on the electron-phonon interactions can also be provided by resonant Raman spectroscopy [19] [20] [21] [22] in which the resonances between excitation or scattered photons and electronic excitations is exploited. Motivated by a recent observation by Guo et al. 23 that resonance of this type may be anticipated in a monolayer MoTe 2 at the energy of 2.07 eV, we have investigated the Raman scattering in few-layer MoTe 2 using He-Ne laser light with a wavelength of λ=632.8 nm for excitation. The energy of such excitation light, equal to 1.96 eV, matches the energy of the vertical electronic excitation from the first valence band to the second lowest conduction band at the M point of the MoTe 2 first Brillouin zone. Our results obtained with the 632.8 nm light excitation are in agreement with the recently reported studies of G. Froehlicher et al. Ref. 1. To highlight the resonant effect of the 632.8 nm light excitation we also measured the Raman spectra excited with 514.5 nm laser light (2.41 eV). We show that the spectra excited with the high energy light, resulting from out-of-plane vibrations, are much simpler than those excited using longer wavelength. The analysis of the spectra due to the Stokes and the anti-Stokes modes of the Raman scattering confirms the resonant character of the 632.8 nm light excitation.
The α-MoTe 2 crystal investigated in this work has the trigonal prism structure similarly to other group VI B dichalcogenides such as MoS 2 , MoSe 2 , WS 2 or WSe 2 . In the bulk form MoTe 2 belongs to D The infrared-active modes for the in-plane (E ) and outof-plane (E ⊥ ) electric field are of A 2u and E 1u symmetry, respectively.
There are four Raman-active modes: A 1g , E 1g , and two E 2g . Four other modes: B 1u , two B 2g , and E 2u are optically inactive.
All the vibrations can be grouped into six pairs of conjugate modes. One of the modes in each pair is symmetric with respect to the inversion center between the nearest layers of the crystal and the other mode is antisymmetric (for the schematic representation of the vibrational modes see Fig. 1 ). The crystal symmetry along the c-axis is reduced in thin layers of MX 2 compounds. The optical activity of particular vibrational modes of these systems is also modified as a result of the N -parity changes, where N indicates the number of layers. An example of such evolution can be observed for the B 
II. EXPERIMENTAL DETAILS
The investigated flakes were placed on a Si/(100 nm) SiO 2 substrate. The thin MoTe 2 layers were prepared by the polydimethylosiloxan-based exfoliation technique from bulk MoTe 2 crystals purchased from HQ Graphene. The thicknesses of the flakes were determined from their optical contrast, previously calibrated on other MoTe 2 samples with the aid of atomic force microscopy. Optical spectroscopic measurements were performed in the backscattering geometry using 632.8 nm (1.96 eV) excitation with a He-Ne laser. The 514.5 nm (2.41 eV) line of an Ar + ion laser was also used for comparative studies. The laser light power on the sample was ∼100 µW and the laser spot on the sample was ∼1 µm in diameter. A long working distance (x50) objective was utilized to both excite the sample and to collect the emitted light. The collected spectra were dispersed by a 0.75 m spectrometer equipped with 1500 grooves/mm and 2000 grooves/mm gratings and detected with a multichannel high-resolution Si charge-coupled device.
III. RESULTS AND DISCUSSION
Let us focus first on the Raman scattering spectra in the energy range extending from ∼150 cm −1 to ∼300 cm −1 . There are three major peaks observed in that range, which are due to first-order transitions at the Γ point of the Brillouin zone: the out-of-plane mode A 1g at ∼170 cm −1 , the in-plane mode E [25] [26] [27] [28] In that mode, both Te atoms in each layer move at particular time in the same direction while the central Mo atom moves in the opposite direction (see Fig. 1 ). The Mo atoms in adjacent layers vibrate out-ofphase in the mode. The conjugate couple to this mode is IR-active (A 2 2u ) with Mo atoms in adjacent layers vibrating in-phase with each other. None of the modes can be observed in the Raman spectrum of bulk MoTe 2 . A single vibrational mode (A 2 ), which corresponds to the B 1 2g mode in bulk, is expected in the monolayer. 25 The A 2 mode is IR-active and no peak related to this mode occurs in the Raman scattering spectrum of monolayer MoTe 2 at room temperature. As predicted by the group theory and previously observed 25 , the mode corresponding to B 1 2g in bulk becomes Raman active in few-layer MoTe 2 in the spectra for N ≥ 2 at ∼290 cm −1 (see Fig.  2 ).
R a m a n S c a t t e r i n g I n t e n s i t y ( a . u . ) More complex is the effect of the sample thickness on the out-of-plane modes. In few-layer MoTe 2 the number and the lineshape of spectral features, which correspond to the A 1g mode in bulk, strongly depend on the number of layers (see Fig. 3 ). A general tendency, in the case of 632.8 nm excitation, is that their number increases with the flake's thickness. Such evolution can be understood in terms of interactions between the nearest-neighbor layers of a TMD crystals, as it was already observed in the case of In the case of monolayer MoTe 2 , the single-molecule composition of the unit cell implies the existence of only one mode of the out-of-plane vibrations. This mode (A 1 ) is Raman active and as such gives rise to the appearance of an individual Lorentz type line in the Raman scattering spectrum, displayed in Fig. 3 .
Two out-of-plane modes are expected in bilayer MoTe 2 , as there are two molecules in the unit cell (Fig. 4) . The modes are similar to those of bulk, except for the number of interacting layers. The mode with Te atoms vibrating in-phase in both planes (A 1g ) is Raman-active. The other mode, with the 180 o phase difference between the oscillations of Te atoms in two planes (A 2u ) is IR-active 1 . As a result only one peak should be observed in the Raman scattering spectrum (see Fig. 3 ).
There are two Raman active modes in trilayer MoTe 2 (Fig. 4) . Characteristic for the first one are in-phase oscillations of Te atoms in all three layers of the crystal. The other Raman active mode is due to vibrations in the central layer, which are shifted 180 o with respect to the vibrations in the outer layers. For the sake of the present work we label the mode with all Te atoms vibrating inphase with (i). The mode in which the nearest neighbour Te atoms in adjacent layers vibrate out-of-phase will be denoted with (j). For trilayer MoTe 2 , the energies of these modes are expected to be arranged almost symmetrically around the energy of the monolayer (A 1 ) mode, which in fact is observed in the experiment.
Two out-of-plane modes, which have an inversion symmetry are expected to be Raman active in tetralayer MoTe 2 . A first mode with the Te atoms in all four layers vibrating in-phase -(i) and a second one -(j), in which the oscillations of the Te atoms in the two outer planes are shifted by 180
o with respect to their vibrations in the two central layers (Fig. 4) . This results in two Ramanactive modes as observed in the spectrum (see Fig. 3 ).
There are four Raman active modes in pentalayer MoTe 2 . One of them, (i), corresponds to Te atoms vibrating in-phase in all layers of the crystal. In the other three modes the Te atoms in one, two or three inner layers oscillate out-of-phase as compared to the Te atoms in the outer planes (Fig. 4) . Identical interactions involved in the modes with one and three layers vibrating out-of-phase lead to their degeneracy. Those modes will be collectively denoted with (j). There are two interlayer spaces in which Te atoms in adjacent layers vibrate out-of-phase in the mode (j). On the contrary in the mode with two inner layers oscillating out-of-phase as compared to the Te atoms in the outer planes, there are four interlayer-spaces in which the nearest neighbour atoms in adjacent planes move out-of-phae to each other. The corresponding mode will be labelled with (k). As the energy of the mode depends on the number of interlayer spaces in which Te atoms in adjacent layers vibrate out-of-phase (zero, two, and four in the (i), (j), and (k) modes respectively) only three different features should be observed in the Raman scattering spectrum of pentalayer MoTe 2 . This is borne out by the experiments and seen in Fig. 3 .
The increase in the number of layers results in the increase in the number of possible vibrational modes (refer to Fig. 3 ). Keeping in mind that Raman active modes must preserve the mirror symmetry with respect to the plane cutting the Mo atoms in the central layers (for odd N ) or the inversion symmetry at the inversion center (for even N -as indicated by the red dot in Fig. 1 for the analogous A 1g mode in bulk) one may predict the number of measurable modes as a function of N . The degeneracies of some of these modes can be figured out from the analysis of the interactions between adjacent layers. The mode (i), corresponding to the in-phase movement of Te atoms in all of the layers manifests itself as the highest energy peak from the group of lines gathered around 170 cm −1 in MoTe 2 flakes of any given thickness. The modes (j), (k), (l) ... correspond to Te atoms in adjacent layers vibrating out-of-phase in two, four, six, .... inter-layer spaces.
The energies of the spectral lines in the Raman scattering spectra of mono-to septa-layer MoTe 2 excited with 1.96 eV energy, which are related to out-of-plane vibrational modes are presented in Fig. 5 . As it can be seen in the Figure 5 their energy evolution with the number of layers agrees with the model presented in the work of G. Froehlicher et al. In order to make our study more complete we also measured the Raman scattering spectra of few-layer and bulk MoTe 2 in the low energy range (below 60 cm −1 ). As it is known from the research on MoTe 2 1 and other layered materials 30, 31 one may expect in that energy range two families of modes of interlayer oscillations, i.e. shear and breathing modes, related to rigid layer displacements which are perpendicular and parallel to the c-axis, respectively. Our experimental results obtained under 632.8 nm and 514.5 nm light excitation are summarized in Fig.  6 . As expected, regardless of the energy of the exciting light there are no rigid interlayer vibrations in the case of monolayer MoTe 2 and two modes (one shear and one breathing) exist in the bilayer. With increasing material thickness the number of features present in the experimental data also increases. This effect is especially pronounced for the excitation with 632.8 nm light (see Fig. 6 ). Finally in bulk only one peak corresponding to the Raman-active E 2 2g shear mode remains in the spectrum. The energy positions of all the peaks observed in the low-energy Raman scattering spectra of mono-to septa-layer and bulk are summarized in Fig. 7 . In order to understand their evolution with the number of layers, we analyze them using the linear chain model of the crystal lattice vibrations. This approach has recently been proven to provide a reasonable description of the rigid oscillation modes in MoTe 6 kg m 2 stand for the masses per unit area of the tellurium (Te) and molybdenum (Mo) atoms, respectively. Only the interaction between adjacent layers is taken into account in the calculations, which is described by a single force constant K i equal to the in-plane force constant per unit area K x in the case of shear modes and to the out-of plane compression force constant per unit area K z for the breathing modes.
The evolution of the interlayer mode energies (in cm −1 ) as a function of N is represented within the model by the following equation:
where α = 2, 3, . . . , N As can be noticed there is one set of phonon branches expected for the shear and one for the breathing modes. The Raman active shear (breathing) modes belong to the higher-energy (lower-energy) branches of the corresponding set.
We start our analysis with the shear mode which can be observed in 2L MoTe 2 at 19.2 cm −1 . Assuming that the force constant K x does not significantly change as N increases from 2 to infinity 31 we computed the thickness dependence of the shear modes with α = N, N − 2. As can be seen in Fig. 7 , the model reasonably reproduces the observed evolution of the modes, which stiffen with increasing number of layers. The ω x,N and ω x,N −2 branches correspond to previously observed S 1 and S 2 shear modes in MoS 2 and WSe 2 31 , which are also referred to as C + 2 and C + 6 .
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Knowing the value of ω x (19.2 cm −1 ) one can find the in plane (shear) force constant K x , which in our case is equal to 3.6 · 10 The force constant K x can also be used to determine the corresponding elastic constant C 44 . Assuming the distance between the centers of neighboring MoTe 2 layers t = 0.72 nm, one can calculate C 44 = K x · t = 25 GPa.
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(color online) Low-energy Raman scattering spectra of mono-layer (1L) up to septa-layer (7L) and bulk MoTe2 measured at room temperature with the use of 632.8 nm and 514.5 nm laser light excitation. The feature denoted with an asterisk in the 1L spectrum excited with 514.5 nm light is related to laser, for clarity it was subtracted from the other spectra. The feature denoted with an asterisk in the spectrum excited with 632.8 nm light from the bulk (present also in the spectra for 5L, 6L, and 7L) is related to laser.
The results are also in agreement with the recently reported values for MoTe 2 .
1
A similar analysis of the breathing modes starts with the energy ω z = 27.8 cm −1 , the energy of the breathing mode observed in bilayer MoTe 2 (see Fig. 6 ). The breathing modes soften (redshift) with increasing number of layers. The theoretically predicted thickness evolution of the ω z,2 , ω z,4 , and ω z,6 breathing-mode subbranches is shown in Fig. 7 with dashed lines. It can be seen that the simulated curves fit fairly well the observed low-energy peaks. The resulting out-of-plane (breathing) force constant K z , which equals 7.5 · 10 . 31 The corresponding elastic constant C 33 in MoTe 2 can be determined as K z · t = 54 GPa.
The most prominent feature of the results presented so far is the rich structure of the Raman spectra of MoTe 2 both for the peaks related to the out-of-plane vibrations at the Γ point of the Brillouin zone and for the lowenergy vibrations. Additionally, there is also a substan-
R a m a n p e a k f r e q u e n c y ( c m tial difference between the spectra excited with 1.96 eV and 2.41 eV light energy (see Figs 3 and 6 ). For 5L and 6L (7L) three (four) components of the out-of-plane vibrations can be seen in the spectrum excited with the 632.8 nm light, while just one peak can be observed in the 514.5 nm light-excited spectrum. Moreover, with the 514.5 nm excitation the highest energy component of the spectrum due to out-of-plane vibrations (i), which corresponds to the in-phase vibrations in all layers, has the highest intensity. This is not the case of the 632.8 nm excited spectrum, in which, for N > 2, the (i) mode leads to the weakest feature in the spectrum. Similarly the shear modes in the low-energy spectrum excited with 1.96 eV light energy are more clearly seen that in the higher energy (2.41 eV) excited spectrum. In our opinion the difference results from the resonant character of the Raman scattering excited with 632.8 nm light. In order to confirm the effect, we compared the intensities of the Raman scattering for Stokes and anti-Stokes modes. It is well known that assuming a Bose-Einstein occupancy of the phonon states, the ratio of anti-Stokes (I AS ) and the Stokes (I S ) intensities of the spectral line of the frequency ω ph can be expressed as:
The effective temperature T * determined from Eq. 1 for all the observed features is summarized in Fig. 8(a) . It can be seen that for E 
N o r m a l i z e d R a m a n S c a t t . I n t . temperature of the experiment. In our opinion this confirms that the possible heating effect of the laser light is not significant in our experiment. On the contrary there are substantial discrepancies between the effective temperatures T * determined from Eq. 1 for the (i) modes in 3L, 5L, and 7L. The effect can be appreciated in Figs 8(b) and (c) in which the anti-Stokes and Stokes spectra for 3L and 4L are compared. The spectra are normalized at the maximum of the (j) modes in the corresponding spectra. It can be clearly seen in Fig. 8(b) that the relative intensity of the anti-Stokes (i) mode in 3L MoTe 2 is larger than the relative intensity of the (j) mode. This corresponds to the effective temperature determined for the mode (i) which is higher than temperature predicted form the Bose-Einstein distribution.
In our opinion the discrepancy between the effective temperature and the equilibrium temperature of the crystal lattice for the (i) modes suggests the resonant effect of the 1.96 eV light excitation on the out-of-plane vibrations in thin MoTe 2 layers. Two observations should be addressed in order to explain the effect. First is the fact that only the (i) mode is enhanced in the anti-Stokes spectrum. In our opinion the (i) peak couples with the electronic resonance while the other mode, (j), does not. The energy of the exciting photons (1.96 eV) coincides with the maximum of the electronic density of states (2.07 eV in the bulk) in the highest valence band and the second lowest conduction band at the M point of the Brillouin zone 23 . As it can be appreciated in Ref. 5 , the edge states at the M point in MoS 2 have substantial component of S p z orbitals, which point along c-axis of the crystal. A similar band-structure, with the Te p z orbitals contributing to the maximum of the valence band in M point of the Brilloiun zone can be expected in MoTe 2 . In the (i) mode the distance between Te atoms in adjacent layers modulates. The resulting modulation of the interaction between Te-related p z orbitals affects the MoTe 2 band-structure near the M-point of the Brilloiun zone. In our opinion this results in the strong electron-phonon coupling between the electronic transition at M point of the Brilloiun zone and the (i) mode of the out-of-plane vibrations. In the (j) mode Te atoms in adjacent layer vibrate out-of-phase and the modulation of their relative distance is weaker, which may explain the weaker electron-phonon coupling. Another point to address is related to the different effect of 1.96 eV light on the (i) modes in odd-and even-N MoTe 2 . This may be related to a specific effect of the crystal symmetry in odd -N layer TMDs (lacking the inversion center) on their energy structure. In our analysis of the effect of 1.96 eV light excitation on the spectrum of the out-of-plane vibrations we also note that the excitation energy coincides with the energy of B' exciton in MoTe 2 .
5 One could expect an effect similar to the resonant enhancement of the A 1g mode in MoS 2 with the excitation coinciding with the energy of A and B excitons. 19, 20 This however would not clearly explain the different effect of the excitation on different modes of the out-of-plane vibrations in MoTe 2 .
In order to explain our results, more strict theoretical analysis is definitely needed, which is beyond the scope of our experimental study. We belive however that our report would encourage that type of studies for the sake of the expected interesting physics behind.
IV. CONCLUSIONS
We have carried out a study on room temperature Raman scattering in few-layer flakes of exfoliated MoTe 2 using 632.8 nm laser light excitation. Our experimental data show that out-of-plane vibrational modes (corresponding to the A 1g mode in the bulk) in such flakes posses a complex structure with the peaks related to the interlayer interactions between the single planes of the MoTe 2 . We have also demonstrated that the energies of the low-energy modes of rigid interlayer vibrations of MoTe 2 crystal lattice evolve with the number of layers in a way that can be satisfactory reproduced within a linear chain model with only the nearest neighbor interactions taken into account. We argue that the rich structure appears because of the resonance between the incoming photons with the energy gap between the maximum of the valence band and the minimum of the second lowest conduction band at the M point of the MoTe 2 first Brillouin zone.
After the submission of the present manuscript the authors became aware of a report with similar experimental results by Q.J.Song et al, published in Ref. 32 .
